Kass, L. J., and A. R. Bazzy. Chronic hypoxia modulates diaphragm function in the developing rat. J Appl Physiol 90: [2325][2326][2327][2328][2329] 2001.-We studied the effect of chronic hypoxia on contractile properties and neuromuscular transmission in the developing rat diaphragm. We hypothesized that chronic hypoxia delays maturation of neuromuscular transmission. Phrenic nerve hemidiaphragm preparations were harvested from 3-to 26-day-old rats and littermates raised in 9.5% oxygen. Specific force, contraction time, and one-half relaxation time were measured. Each diaphragm was stimulated directly or via its nerve with 1-s trains at 10-100 Hz. Contraction time and one-half relaxation time decreased with advancing age in both groups, with a greater rate of decrease in hypoxic diaphragms. Specific force was lower for hypoxic diaphragms compared with controls. Diaphragms from the 3-to 10-day-old control and hypoxic groups generated less force in response to stimulation at frequencies Ͼ40 Hz but did so to a greater degree with nerve stimulation. Nerve stimulation of diaphragms from 11-to 18-day-old hypoxic rats showed a greater decrease in force with increasing frequency compared with age-matched controls. Diaphragms from 19-to 26-day-old rats showed no difference between the hypoxic and control groups. We conclude that chronic hypoxia leads to diaphragms that generate lower specific force as well as to a delayed maturation of mechanisms involved in neuromuscular transmission. maturation; force; contractile properties; tetanic stimulation; neuromuscular transmission CRITICALLY ILL NEWBORN INFANTS may remain hypoxemic and in respiratory failure despite supplemental oxygen and ventilatory assistance. For example, neonates born with shunts, such as in congenital heart disease, or with high pulmonary vascular resistance, as in persistent fetal circulation or severe bronchopulmonary dysplasia, may fall into this category. An important determinant for the ability to achieve adequate ventilation is optimal respiratory muscle performance. Ongoing hypoxemia has been shown to contribute to impaired respiratory muscle performance as a result of the increased respiratory load (17). Previous work from our laboratory has shown that exposing the rat diaphragm to acute hypoxia has a more pronounced effect on the force generated by a diaphragm from an older rat compared with a neonatal rat diphragm (1). Neonatal rat diaphragms, however, failed to recover normal function completely when control conditions were resumed (1). This raised the question as to whether exposure to chronic hypoxic conditions in the newborn period would result in similar findings or whether adaptation to the chronic stress would restore normal function. Furthermore, because the neonatal rat diaphragm is prone to neuromuscular transmission failure with short-duration tetanic stimulation and the mature diaphragm is not (4), it is possible that chronic hypoxia may similarly have an effect on this maturational process, which involves active synaptic remodeling in the first postnatal month in rodents (16). We hypothesized that chronic hypoxia would delay the maturation of neuromuscular transmission. This is supported by studies in the central nervous system in which chronic hypoxia led to changes that could potentially impair synaptic transmission (6, 12). This hypothesis was tested in rats raised in conditions of chronic hypoxia from birth to ϳ1 mo of age.
CRITICALLY ILL NEWBORN INFANTS may remain hypoxemic and in respiratory failure despite supplemental oxygen and ventilatory assistance. For example, neonates born with shunts, such as in congenital heart disease, or with high pulmonary vascular resistance, as in persistent fetal circulation or severe bronchopulmonary dysplasia, may fall into this category. An important determinant for the ability to achieve adequate ventilation is optimal respiratory muscle performance. Ongoing hypoxemia has been shown to contribute to impaired respiratory muscle performance as a result of the increased respiratory load (17) . Previous work from our laboratory has shown that exposing the rat diaphragm to acute hypoxia has a more pronounced effect on the force generated by a diaphragm from an older rat compared with a neonatal rat diphragm (1) . Neonatal rat diaphragms, however, failed to recover normal function completely when control conditions were resumed (1) . This raised the question as to whether exposure to chronic hypoxic conditions in the newborn period would result in similar findings or whether adaptation to the chronic stress would restore normal function. Furthermore, because the neonatal rat diaphragm is prone to neuromuscular transmission failure with short-duration tetanic stimulation and the mature diaphragm is not (4) , it is possible that chronic hypoxia may similarly have an effect on this maturational process, which involves active synaptic remodeling in the first postnatal month in rodents (16) . We hypothesized that chronic hypoxia would delay the maturation of neuromuscular transmission. This is supported by studies in the central nervous system in which chronic hypoxia led to changes that could potentially impair synaptic transmission (6, 12) . This hypothesis was tested in rats raised in conditions of chronic hypoxia from birth to ϳ1 mo of age.
METHODS
Sprague-Dawley rats were raised from postnatal day 3 through day 26 in an environmental chamber in which ambient oxygen was maintained at 9.5%. This level of hypoxic exposure was chosen on the basis of previous work by others from our laboratory that demonstrated that this degree of hypoxic stress is severe enough to produce significant effects without jeopardizing the life of the rat pups or their mother as well as to produce a degree of hypoxia that is clinically relevant (18, 19) . The mother was kept in the hypoxic chamber along with its litter. Littermates with a foster dam were raised under normoxic conditions and served as controls. Three age groups were studied: 3-10, 11-18, and 19-26 days. These age groupings were chosen on the basis of our previous work showing that maturational changes in neuromuscular transmission could be separated by these groupings (unpublished observations).
Preparation. Rats were anesthetized with methoxyflurane by inhalation, and the right hemidiaphragm was removed with the phrenic nerve, rib, and central tendon attachments intact. The heart remained beating throughout the dissection to preserve blood flow to the muscle for as long as possible.
Two to three minutes elapsed from opening of the chest until removal of the diaphragm. The animals were killed by exsanguination while deeply anesthetized. Institutional approval for animal use was obtained for these studies.
Tissues Ϫ , and 10 mM glucose (pH 7.42 Ϯ 0.05). pH was measured both before and after each experiment to evaluate the stability of the bath conditions. Tissues were trimmed, leaving a strip of diaphragm 5-6 mm wide with the phrenic nerve entering near the center. Ribs were fixed to the Sylgard base with miniature stainless steel pins. The central tendon was glued to a piece of nylon mesh that was attached by silk suture to a force transducer (model FT10, Grass Instruments, Quincy, MA) mounted on a micropositioner. The entire muscle strip was covered by the bath solution that was continuously replaced at a rate of 20 ml/min.
Experimental protocol. Direct muscle stimulation was performed via a multistrand stainless steel wire positioned under the costal end of the muscle strip with close contact maintained along its entire width. Phrenic nerve stimulation was performed via a suction electrode filled with bath solution. An electrode wrapped around the suction electrode was used as the reference for both muscle and nerve stimulation. The optimum preload was defined as the resting length at which the muscle developed maximum force (F max) in response to a single square-wave stimulus (twitch). Once optimum preload was determined, it was maintained throughout the experiment. The minimum stimulus amplitude required to achieve maximum twitch force was determined for both muscle and nerve. A current that was 1.5 times this minimum amplitude was used for the remainder of the experiment to ensure supramaximal stimulation.
A single twitch was performed via both muscle and nerve stimulation to determine contractile properties, i.e., peak force, contraction time (CT), and half-relaxation time (RT 1/2). These measurements were performed at the beginning and end of the experiment to assess the viability of the preparation. The muscle was then stimulated both directly and via the nerve with 1-s trains at 10, 20, 40, 60, 80, and 100 Hz with at least 1 min separating each train. Stimulation pulses were controlled by an IBM-compatible PC-XT microcomputer. Timing pulses from the computer were converted into current pulses by a constant-current stimulus isolator (model BS-1, BAK Electronics, Rockville, MD). The force transducer was connected to a low-noise bridge amplifier (model 13-4615-58, Gould Electronics, Cleveland, OH) with a low-pass filter (cutoff frequency 300 Hz). The amplified signal was digitized at 2,000 Hz to provide accurate reproduction of the force response over time. It was stored to disk by the computer, which was equipped with a data acquisition system (Lab Master, Tecmar, Cleveland, OH). Data were graphically displayed on the computer monitor and analyzed on-line for preload and peak tensions. The software used for data acquisition and analysis was developed in our laboratory with PASCAL programming language. The stability of the preparation was assessed after completion of the contraction protocol by a 5-min equilibration period after which twitches were measured again.
Data acquisition and analysis. On completion of the experiment, the length of the muscle was determined while still stretched in the bath. Then the ribs, central tendon, and phrenic nerve were cut away, leaving only the strip of muscle. Length, width, and dry weight of each strip were measured. This allowed calculation of specific force (force per unit of cross-sectional area), thereby normalizing measured forces for differences in muscle weight and length. This calculation of specific force was performed for the oldest age groups.
Peak force at each frequency was converted to a percentage of the F max achieved by that preparation. Graphs of the peak force vs. stimulation frequency were constructed in which the data points at each frequency represent the mean and standard deviation of this percent for each group of animals. Differences in contractile properties between disphragms from chronically hypoxic rats and those of normoxic controls were evaluated by unpaired one-tailed t-test. Forcefrequency relationships were analyzed by using one-way ANOVA for repeated measures. The effect of nerve vs. muscle stimulation across ages was analyzed by using two-way ANOVA. P Ͻ 0.05 was accepted as statistically significant.
RESULTS
Animal weights. At least eight animals were studied in each age group. The average weights of the different groups are shown in Table 1 . There was no difference in weight between the control and hypoxic 3-to 10-dayold rats. At the older ages, hypoxic rats weighed significantly less than their age-matched controls.
Contractile properties and specific force. Singletwitch CT and RT 1/2 from the different groups are shown in Table 2 . CT of diaphragms from control rats decreased with age; however, the difference was statistically significant only between 3 and 10 days and between 19 and 26 days (P Ͻ 0.05). CT was significantly shorter in diaphragms of 19-to 26-day-old hypoxic rats compared with diaphragms of both 3-to 10-and 11-to 18-day-old hypoxic rats (P Ͻ 0.05). On the other hand, RT 1/2 did not change significantly with age in either group, nor was there a difference between experimental groups.
The specific twitch force and specific tetanic force of the diaphragms were only calculated from diaphragms (n ϭ 17) (n ϭ 9)
Values are means Ϯ SD given in g; n, no. of animals. * P Ͻ 0.001 compared with age-matched control. Values are means Ϯ SD. CT, contraction time; RT1/2, one-half relaxation time. * P Ͻ 0.05 compared with 3-to 10-day-old controls. † P Ͻ 0.05 compared with both younger hypoxic groups.
of 19-to 26-day-old control and hypoxic rats. The specific twitch force of the controls was 3.36 Ϯ 0.3 N/cm 2 , which was significantly greater than the force of 2.45 Ϯ 0.4 N/cm 2 developed by diaphragms from hypoxic rats (P ϭ 0.03). The specific tetanic force of the control group was 10.30 Ϯ 0.6 N/cm 2 , which was significantly greater than the force of 6.8 Ϯ 0.8 N/cm 2 developed by the hypoxic group (P Ͻ 0.01).
Force response to tetanic stimulation. Diaphragms from 3-to 10-day-old normoxic rats developed F max in response to 40-Hz stimulation irrespective of stimulation route (muscle or nerve) (Fig. 1A) . In response to nerve stimulation at higher frequencies, less force was generated compared with direct muscle stimulation, but the difference was statistically significant at 100 Hz only (Fig. 1A, P ϭ 0.02) . In diaphragms from 3-to 10-day-old hypoxic rats, F max was measured at 40 Hz, similar to controls (Fig. 1B) . Between 40-and 100-Hz stimulation, less force was generated in response to nerve stimulation compared with direct muscle stimulation (P Ͻ 0.05).
Diaphragms from 11-to 18-day-old normoxic rats developed F max at 40-to 60-Hz stimulation. There was significantly less force generated at higher frequencies for both stimulation routes ( Fig. 2A ; P Ͻ 0.05, 100 Hz compared with 60 Hz). Diaphragms from 11-to 18-dayold hypoxic rats generated F max at 40-60 Hz for nerve stimulation and at 60-80 Hz for muscle stimulation. With direct muscle stimulation, there was no decrease in force as stimulation frequency increased; however, nerve stimulation resulted in less force compared with muscle stimulation at 60-100 Hz (Fig. 2B) .
Diaphragms from 19-to 26-day-old rats developed F max at 60-80 Hz for both control and hypoxic groups. Diaphragms from control rats showed no drop in force in response to higher frequency stimulation. Diaphragms from 19-to 26-day-old hypoxic rats, however, continued to show a statistically significant decrease in force generated in response to higher frequencies for both stimulation routes (P Ͻ 0.05, 100 Hz vs. 60 Hz). Force-frequency curves from this group are illustrated in Fig. 3 .
In a comparison of the effect of muscle vs. nerve stimulation on F max production across the different age groups, a two-way ANOVA was employed. A statistically significant effect of age was only seen for nerve stimulation in the control group (P Ͻ 0.003).
DISCUSSION
The major findings in this study are that the force response to nerve stimulation of diaphragms from rats raised in chronic hypoxia differed from that of agematched controls; this response was comparable to Fig. 1 . Peak force developed at each stimulation frequency for muscle and nerve stimulation by diaphragms from 3-to 10-day-old control (A) and hypoxic (B) rats. Values are means Ϯ SD. *Significant difference in force generated between muscle and nerve stimulation (P Ͻ 0.05). Note that both control and hypoxic groups demonstrate differences in force generated whether stimulated by muscle or nerve. Fig. 2 . Peak force developed at each stimulation frequency for muscle and nerve stimulation by diaphragms from 11-to 18-day-old control (A) and hypoxic (B) rats. Values are means Ϯ SD. *Significant difference in force generated between muscle and nerve stimulation (P Ͻ 0.05). Note that differences in force generated between muscle and nerve stimulation are present only in the hypoxic group.
† Significant difference from force at 60 Hz (P Ͻ 0.05).
that of diaphragms of younger control rats, suggesting delayed maturation of neuromuscular transmission. This is supported by the fact that, by comparing muscle vs. nerve stimulation across the age groups, there was only a statistically significant difference for nerve stimulation in the control group. This suggests that maturation of neuromuscular transmission is proceeding as expected in the control group, but is delayed in the hypoxic group, and hence, no statistical difference was seen across age groups for nerve stimulation.
The primary goal of this study was to test the hypothesis that chronic hypoxia would delay the maturation of neuromuscular transmission in the developing newborn rat diaphragm. Although we are not aware of other studies that have examined the effect of chronic hypoxia on neuromuscular transmission, there is precedent for its effect in the central nervous system. For example, by day 18 of life in the newborn rat hippocampus, postnatal hypoxia led to a reduction of dendritic spines and pyramidal cell density, changes that could potentially impair basic processes of excitation and inhibition (12) . Although we did not examine the morphology of the neuromuscular junction in our study, it is conceivable that similar changes might have occurred, predisposing to neuromuscular transmission failure.
The force response to muscle and nerve stimulation in diaphragms of rats raised in chronic hypoxia demonstrated the same developmental changes seen in the control animals but with a time lag. The 3-to 10-dayold age group showed no difference between experimental and control groups, likely due to the fact that both groups were still very young and not enough time had lapsed in the rats exposed to hypoxic conditions to effect a change. This may not be surprising given that other investigators have noted many of the biggest changes in muscle fiber type and function during normal development to occur between 14 and 21 days of age (8, 9, 13) . In the 11-to 18-day-old age groups from this study, the control group has begun to show nerve stimulation approaching equal efficacy compared with muscle stimulation; however, the experimental group continued to show characteristics similar to the younger group. In our oldest group (19-26 days old), diaphragms from control rats responded the same as did diaphragms from mature adult rats with no difference between nerve and muscle stimulation (4). Hypoxic diaphragms also appear to have caught up by this age, suggesting a recovery. This apparent recovery, however, implies nothing about possible long-term impact from postnatal hypoxia. Although we did not investigate whether there might be any long-term impact, the short-term impact may be very significant because it occurs in the newborn period during a vulnerable time in development. We speculate that this recovery of function by 1 mo of age could potentially be related to a training effect secondary to the increased load on the respiratory muscles, but this needs to be proven.
Whereas some studies have examined the effect of chronic hypoxia on muscle fiber type (7, 11) , our study is the first to our knowledge to show that chronic hypoxia is associated with changes in the function of the muscle, i.e., a decrease in specific force. One possible explanation for this decrease is that chronically hypoxic rats are undernourished. Previous studies examining the effect of undernutrition alone on diaphragm muscle specific force have been equivocal. Whereas Prakash et al. (13) found that prenatal undernutrition led to lower specific force in rat diaphragms during the first 2 wk of life, others have found no difference compared with controls (3, 5, 10, 14) . Prakash et al. saw the effects of malnutrition on specific force in rat diaphragms studied on days 14 and 21 of life (13) . This is similar to the time scheme that we observed in our study of chronically hypoxic rat diaphragms. Although we observed that chronically hypoxic rats in our two older age groups suffered impaired weight gain compared with controls and that chronic hypoxia appears to lead to diaphragms that generate lower specific force, it is still difficult to conclude that chronic hypoxia accomplishes this distinct from undernutrition.
In addition to specific force, we also demonstrated an effect on contractile properties, CT and RT 1/2 , in chronically hypoxic diaphragms. Whereas our laboratory and others have shown that in normoxic rat dia- Fig. 3 . Peak force developed at each stimulation frequency for muscle and nerve stimulation by diaphragms from 19-to 26-day-old control (A) and hypoxic (B) rats. Values are means Ϯ SD. Note that by this age there is no difference in force generated whether stimulation occurs via muscle or nerve for either control or hypoxic groups at stimulation frequencies Ͼ20 Hz. *Significant difference in force between muscle and nerve occurring at 20 Hz in the control group (P Ͻ 0.05).
phragms CT and RT 1/2 decrease progressively throughout development (4, 15) , this study showed a slower rate of change in CT and no change in RT 1/2 in chronic hypoxia. Whether the effect on contractile properties is a direct effect of hypoxia or an indirect effect of factors associated with hypoxic exposure remains to be determined. In addition to undernutrition as a confounding factor, chronic hypoxia also imposes an increased workload on the diaphragm because of increased ventilatory demands. Undernutrition during development has been shown to result in a delay in the disappearance of neonatal rat myosin heavy chain (MHC) by day 30 of life compared with controls, but the difference was eliminated by day 60 of life (2) . These findings are consistent with ours but on a different time scale, i.e., the lack of a decrease of CT and RT 1/2 in the first 3 postnatal wk in the diaphragms from hypoxic rats, but by the fourth week of age both CT and RT 1/2 decreased, indicating a faster phenotype. Although this suggests that undernutrition could explain our findings, the effect of increased mechanical loading needs to be considered. To address this, Mortola and Naso (11) examined the MHC phenotype in the rectus femoris muscle of the rats that they raised in chronic hypoxic conditions. They found that the transitions in MHC isoforms were similar to those seen in the diaphragm, thereby excluding an increased mechanical load as a confounding variable, and concluded that hypoxia alone led to the observed effect. Hence, which of these factors is primarily responsible for the findings in our study remains to be proven. Because MHC composition is related to the mechanical characteristics of the muscle (15) , one possibility is that the lower specific force and differences in contractile properties seen in the diaphragms from chronically hypoxic rats are the result of changes in the usual transitions in MHC isoforms that normally occur in early development. Future work will address this by having the rats raised for a longer period of time under hypoxic conditions and observing them for recovery, as well as by determining the MHC compositions for the various age groups.
In summary, this study demonstrates that chronic hypoxia leads to changes in diaphragm function in the developing rat, both in the muscle itself and presumably at the neuromuscular junction. Although these changes appear to be transient, they occur at a time that may place a newborn diaphragm, and hence respiration, at a mechanical disadvantage during a critical period early in life.
